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ABSTRACT
Reported is an experimental and computational investigation of the low temperature heat capacity, thermodynamic functions, and thermal
conductivity of stoichiometric, polycrystalline CeO2. The experimentally measured heat capacity at T < 15 K provides an important correction
to the historically accepted experimental values, and the low temperature thermal conductivity serves as the most comprehensive data set at
T < 400 K available. Below 10 K, the heat capacity is observed to obey the Debye T3 law, with a Debye temperature of ΘD = 455 K. The
entropy, enthalpy, and Gibbs free energy functions are obtained from the experimental heat capacity and compared with predictions from
Hubbard-corrected density functional perturbation theory calculations using the Perdew, Burke, and Ernzerhof parameterization revised for
solids. The thermal conductivity is determined using the Maldonado continuous measurement technique, along with laser flash analysis, and
analyzed according to the Klemens-Callaway model.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5110178., s
I. INTRODUCTION
Cerium dioxide (CeO2) is used in a wide range of technolog-
ical applications owing to its favorable redox properties, physico-
chemical stability, optical transparency, high dielectric constant, and
refractive index, and mixed electronic-ionic conduction properties.
CeO2 has attracted considerable attention recently as a catalyst due
to its high oxygen mobility and storage capacity.1,2 CeO2 is also
suitable for epitaxial growth on Si,3 making it desirable for appli-
cations in microelectronics. CeO2-based materials find applications
as automotive and biomedical catalysts,4,5 gas sensors,6 in high-
temperature superconducting tapes,7 hydrogen production and fuel
cells,8–10 and luminescence devices.11 CeO2 also serves as a sur-
rogate for actinide dioxide nuclear fuels, such as UO2 and PuO2,
and other f-electron oxide materials of interest in nuclear waste
management.12,13
With the wide applicability of CeO2 in modern technology,
there is great interest and a wealth of information available for
this material in the literature. Despite the vast amount of pub-
lished data, limited thermal data exist in the low-temperature range
below ≃400 K. As recently discussed in the review by Konings
et al.,14 the most extensive set of low-temperature heat capac-
ity data for CeO2 was collected in 1961 by Westrum and Beale
between 5 and 300 K by adiabatic calorimetry.15 Heat-capacity mea-
surements were also reported by Riess et al.16 (350–900 K) using
adiabatic scanning calorimetry, and by Gallagher and Dworzak17
(418–758 K) and Krishnan and Nagarajan18 (280–820 K) using dif-
ferential scanning calorimetry (DSC). High-temperature enthalpy
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increment data were reported by Kuznetsov et al.19 (in the range of
608–1172 K, although data down to 298 K were mentioned in other
studies18), by King and Christensen20 (400–1800 K), and by Yashvili
et al.21 (391–1624 K).
Furthermore, limited density functional theory (DFT) studies
focused recently on the high-temperature thermodynamic prop-
erties of CeO2.22–24 These computational investigations utilized
Hubbard-corrected DFT (DFT+U) within either the local-density
approximation (LDA+U) or the generalized-gradient approxima-
tion (GGA+U) to correctly describe strong on-site Coulomb repul-
sion between localized Ce 4f electrons. Both GGA+U studies by
Gopal and van de Walle22 and Niu et al.24 utilized the stan-
dard parameterization of Perdew, Burke, and Ernzerhof25 (PBE)
to calculate the thermodynamic properties of CeO2. However, a
recent GGA+U study by Weck and Kim26 demonstrated that the
more recent Perdew, Burke, and Ernzerhof revised parameterization
for solids27 (PBEsol) describes experimental crystalline parameters
and properties of CeO2 and Ce2O3 with superior accuracy, com-
pared to other standard GGA functionals such as PBE. Therefore,
a reexamination of the thermodynamic properties of CeO2 using
DFT+U/PBEsol appears timely.
This joint experimental and first-principles investigation of the
thermodynamic properties of CeO2 below ≃400 K is motivated by
a need to extend the fundamental understanding of the lower tem-
perature behavior of this versatile material and to present a compre-
hensive and accurate thermodynamic picture of this material in the
lower temperature regime.
Specifically, the T ≤ 400 K heat capacity, thermodynamic func-
tions, and thermal conductivity measurements of stoichiometric,
polycrystalline, sintered CeO2 monolithic samples are reported. The
heat capacity is measured using adiabatic calorimetry employing
a combination of relaxation and the dual slope techniques. The
entropy, enthalpy function, and Gibbs free energy function are
obtained from the experimental heat capacity data and compared
with predictions from Hubbard-corrected density functional pertur-
bation theory (DFPT) calculations using the PBEsol functional. The
thermal conductivity is determined using the Maldonado continu-
ous measurement technique, along with Laser Flash Analysis (LFA),
and analyzed according to the Klemens-Callaway model (KCM).
The results reported in this study below ≃400 K provide accurate
thermal data for CeO2 in a temperature range of high relevance for
technological applications.
II. EXPERIMENTAL METHODS
A. CeO2 preparation
The experimental investigations in this study were performed
on rodlike cylinders prepared via conventional powder metallur-
gical methods. CeO2 monoliths were prepared using a modified
procedure to that reported by Nelson et al.12 CeO2 powder [Alfa
Aesar 99.99% purity rare-earth oxide (REO) basis, Lot C09Y013] was
mixed with a binding agent, 0.45% ethylene bis(stearamide) (Sigma
Aldrich Lot 1204CD). The binder and powder were homogenized
using a high energy ball mill for 30 min in a zirconia jar and with a
zirconia ball. The resulting powder was sieved through a −200 mesh
sieve to produce a fine power for pressing. The powder was pressed
into cylindrical geometries (pellets) with a 4.17 mm diameter and
approximately 6.5 mm tall. The pellets were sintered on a bed of
CeO2 powder at 1873 K for 4 h in an Al2O3 crucible. A 1473 K
isothermal soak, following the sintering step, was employed to set
the CeO2.0 stoichiometry.
Following the sintering profile, each pellet was weighed on a
balance calibrated to 1 mg. The height and diameter were mea-
sured using calipers. These measurements were used to calculate
a geometric density and percent theoretical density (7.21 g/cm3),28
which was determined to be 97% ± 1%. The average grain size
was measured to be 20.5 μm with a 1.9 μm standard deviation
using the ASTM standard E112-12 Circular Intercept Procedure.
A characteristic micrograph of this microstructure is displayed in
Fig. 1.
The stoichiometry of the CeO2 is assumed to be minimally
reduced (i.e., CeO1.995). See Nelson et al.12 for more details on
the achievable stoichiometries of CeO2 via powder metallurgical
methods.
B. Raman spectroscopy
Raman spectroscopy measurements were performed at room
temperature using a Jobin Yvon Horiba LabRAM HR instrument
coupled to an Olympus BX41 microscope with a 503 objective using
514.5 nm laser excitation from an Ar-ion laser. A grating (1800
lines/mm) spectrometer equipped with a Peltier-cooled charge-
coupled device (CCD) detector (Andor) was used to acquire spectra
giving a spectral resolution better than 2 cm−1.
C. Heat capacity
Prior to heat capacity measurements, three flat disks of approx-
imately 1 mm in height were segmented from the pellets using a
wire diamond saw. All three heat capacity samples were weighed
to within 0.1 mg with an analytical balance. Measurements were
FIG. 1. Micrograph of CeO2 at 700× magnification using a backscatter detector.
Sample was cross-sectioned and thermally etched prior to imaging.
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performed in a Quantum Design Physical Properties Measurement
System (PPMS) from 2 to 400 K. In all measurements, Apiezon
N grease was placed on the sample platform to facilitate thermal
conduction between the sample and the platform. The combined
addenda heat capacity (Ca) of the platform, temperature sensor,
heater, and grease was measured over the desired temperature range
before the sample was loaded onto the platform. Addenda mea-
surements were performed before each run. After sample measure-
ments, Ca was subtracted from the total measured heat capacity to
obtain the heat capacity of the sample. The standard relaxation tech-
nique was adopted for the entire temperature range, but augmented
finer spaced data; the dual-slope method29 was employed from
2 to 40 K.
D. Thermal conductivity
Thermal conductivity was measured while cooling from 400 K
to 2 K and heating from 2 K to 400 K at a rate of 0.5 K/min. Prior
to thermal conductivity measurements, samples were prepared by
first cutting the CeO2 pellet into a small brick of approximately
7 × 1 × 1 mm. These bricks were covered with Kapton tape expos-
ing only the ends and small sections where the leads were to be
attached. Approximately 5 nm of gold-palladium was then sput-
ter coated onto the surface with an Anatech Hummer Sputtering
System. Leads to the sample were made using high thermal con-
ductivity epoxy (Epotek EK2000) and 5 mil (0.127 mm) diameter
bare copper wire. The bare copper wire was wrapped around the
sample and twisted together to make a snug fit on the sputtered
gold-palladium surface to provide temperature measurement leads.
The epoxy was then used to cement the copper wire leads to the
sample. Finally, the Kapton tape was removed and the epoxy cured.
In order to attain the highest thermal conductivity, the epoxy was
cured at 125 ○C for 2 h, followed by 150 ○C for 36 min, and finally
200 ○C for 15 min according to manufacturer’s instructions. All sam-
ples were prepared in a 4 probe configuration. Thermal conductivity
measurements were performed using the thermal transport option
(TTO) of the Quantum Design PPMS. The PPMS was operated in
continuous measurement mode, which employs the Maldonado30
technique. This technique utilizes a square wave a.c. drift method for
measurements.
E. Thermal diffusivity
Laser flash analysis (LFA) was performed on three CeO2 sam-
ples using a method similar to that described elsewhere.12,31 How-
ever, the thermal conductivity measurements performed via cryostat
were done on small brick samples reduced from the original pel-
lets, LFA measurements were performed on pellets approximately
9.50 mm in diameter and 1.60 mm in height. These samples were
coated on both faces using a layer of graphite spray to maximize
both deposition of heat and detection of the temperature rise. LFA
measurements were performed in a static air atmosphere in a liq-
uid nitrogen furnace capable of cooling the samples from ambient
temperatures to below 155 K. Data were collected at 10 K intervals
from 155 K to 295 K. Five measurements were performed at each
step, once the temperature had reached within 3 K of the target and
was stable to better than 0.5 K/min. The standard deviation of the
mean thermal diffusivity data at each temperature was below the
standard error associated with the technique (3%) for all tempera-
tures with the exception of the data collected at 155 and 145 K. At
these temperatures, the standard deviation in the mean of the five
shots was slightly greater than 3%. Room temperature thermal dif-
fusivity measurement was performed prior to initial cooling as well
as a final step. Both room temperature measurements agreed within
the standard error of the technique (3%) and provide confirmation
that stoichiometry was retained.
III. COMPUTATIONAL METHODS
Total-energy calculations were conducted using spin-polarized
density functional theory (DFT), as implemented in the Vienna
Ab initio Simulation Package (VASP).32,33 The exchange-correlation
energy was calculated using the generalized-gradient approxima-
tion34 corrected with an effective Hubbard parameter to describe
strong on-site Coulomb repulsion between localized Ce 4f electrons.
The parameterization of Perdew, Burke, and Ernzerhof revised for
solids27 (PBEsol) was utilized, since it accurately reproduces the
measured crystal parameters and properties of CeO2.26,35
Following Dudarev’s formalism,36 a penalty functional was
added to the standard DFT functional, EDFT, in order to force the
on-site occupancy matrix in the direction of idempotency,
EDFT+U = EDFT +
(Ū − J̄)
2 ∑σ
[Tr(ρσ) − Tr(ρσρσ)], (1)
where Ū and J̄ are spherically averaged matrix elements of the
screened electron-electron Coulomb and exchange interactions,
respectively, and ρσ is the density matrix of Ce 4f electrons, with
a given projection of spin σ. The fully localized, limitlike Dudarev’s
scheme was utilized for the double-counting correction. Using this
approach, only Ueff = Ū − J̄ is meaningful and J̄ was fixed to an arbi-
trary value of 0.6 eV. A value of Ueff = 4.5 eV determined from self-
consistent linear-response calculations37 was adopted in this study;
this value is in line with typical +Ueff corrections utilized in previ-
ous investigations of CeO2.26,38–41 The Projector Augmented Wave
(PAW) method42,43 was used to describe the interaction between
valence electrons and ionic cores. In the Kohn-Sham (KS) equa-
tions, Ce(5s2, 5p6, 6s2, 4f 1, 5d1) and O(2s2, 2p4) electrons were
treated explicitly as valence states and the remaining core electrons,
together with the nuclei, were represented by PAW pseudopoten-
tials. The plane-wave cutoff energy for the electronic wavefunctions
was set to 500 eV, ensuring total-energy convergence to within
1 meV/atom. The conjugate gradient method using Methfessel-
Paxton Fermi-level smearing44 with a Gaussian width of 0.1 eV was
utilized in electronic relaxation calculations. A 12-atom (Z = 4) peri-
odic unit cell was used to represent nonmagnetic bulk CeO2; the
cubic fluorite-type CeO2 structure (space group Fm3̄m; IT No. 225)
reported by Gerward et al.45 was used as starting geometry in relax-
ation calculations. Ionic and cell relaxations were carried out simul-
taneously without symmetry constraints applied and the Hellmann-
Feynman forces acting on atoms were initially calculated with a
convergence tolerance set to 0.01 eV/Å. The Brillouin zone (BZ)
was sampled using the Monkhorst–Pack k-point scheme,46 with a
k-point mesh of 5 × 5 × 5. Using the equilibrium structures obtained
from total-energy minimization, successive relaxations with respect
to Hellmann-Feynman forces were then carried out with more a
J. Chem. Phys. 151, 044202 (2019); doi: 10.1063/1.5110178 151, 044202-3
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stringent convergence of 0.001 eV/Å and phonon properties were
obtained with the linear response method, which utilizes density
functional perturbation theory (DFPT) to calculate forces.
IV. RESULTS AND DISCUSSION
A. Structure analysis
The lattice parameter of bulk CeO2 calculated at T = 0 K is
5.435 Å, which is only 0.4%–0.5% larger than the X-ray diffraction
(XRD) values of a0 = 5.4113(1), 5.411(1), and 5.406(10) Å mea-
sured by Hisashige et al.,47 Gerward et al.,45 and Duclos et al.,48
respectively.
1. Phonon density of states
At the athermal limit, the present phonon density-of-states
(DOS) DFPT results (see Fig. 2) are overall consistent with the
PBEsol predictions by Buckeridge and co-workers,35 and with
Raman scattering,49,50 infrared spectroscopy,51 reflectivity,52 and
inelastic neutron scattering measurements53 discussed in great detail
in their computational study. In particular, the calculated F1u trans-
verse optical (TO) and F2g phonon modes at the Γ point are at
ωF1uTO = 293 cm−1 (8.8 THz) and ωF2g = 450 cm−1 (13.5 THz), in
close agreement with the experimental values of ωF1uTO = 283 cm−1
(8.5 THz) by Santha et al.54 and ωF1uTO = 276 cm−1 (8.3 THz) and
ωF2g = 460 cm−1 (13.8 THz) measured by Clausen et al.53 As shown
by Buckeridge et al.,35 the agreement between calculations and mea-
surements at the Γ point can be slightly improved by using an empir-
ical nonanalytical correction term to the high-frequency dielectric
constant ε∞. However, since no nonanalytical correction term is
needed at the nonzero exact wave-vector points, this correction was
not utilized in this study.
2. Raman spectroscopy
The experimentally determined Raman spectrum of a typical
CeO2 sample in this study (see Fig. 3) shows the distinct F2g band
FIG. 2. Phonon density of states (DOS) of bulk CeO2 calculated at the
DFPT/PBEsol level of theory.
FIG. 3. Typical Raman shift of CeO2 samples in this study. The vertical line at
465 cm−1 represents the F2g peak and is typical of high quality samples.
at 465 cm−1. This band is consistent with single crystal CeO2 at
465 cm−1.49,50,55 As detailed in previous polycrystalline sample mea-
surements,56,57 large grain size samples show Raman spectra consis-
tent with single crystal samples. DFPT calculations predict a value
of 458 cm−1. The full width at half maximum is measured to be
7 cm−1 using a Lorentzian fit. The lack of any other peaks in the
400–600 cm−1 range indicates that the samples are highly stoichio-
metric with no detectable oxygen vacancies. See Schilling et al.57 for
a thorough discussion of the effect of oxygen vacancies on the F2g
band.
B. Thermal properties and thermodynamic
function predictions
DFPT calculations were also carried out near equilibrium vol-
ume in order to predict the thermal properties of bulk CeO2 using
the quasi-harmonic approximation (QHA). A temperature effect
was added to the calculated total energy U(V) of the system through
the phonon contribution,
Fphonon(T;V) =
1
2∑ h̵ω + kBT∑ ln[1 − e
−β̵hω], (2)
where h̵ is Planck’s reduced constant, h̵ω is the energy of a single
phonon with angular frequency ω, kB is Boltzmann’s constant, T is
the temperature of the system, and β = (kBT)−1. The variation of
U(V) + Fphonon(T; V) as a function of the unit-cell volume in the
temperature range of 0–450 K is displayed in Fig. 4.
At constant hydrostatic pressure P, the Gibbs free energy, G,
was obtained by the following transformation to introduce a volume
dependence:58
G(T,P) = min
V
[U(V) + Fphonon(T;V) + P(V)V], (3)
where minV[function of V] corresponds to a unique minimum of
the expression between brackets with respect to the unit-cell vol-
ume V. U(V) + Fphonon(T; V) was computed as discussed above,
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FIG. 4. Variation of the total energy with phonon contribution, U(V) + Fphonon(T ; V),
of bulk CeO2 as a function of the unit-cell volume calculated with PBEsol from
T = 0–450 K in steps of 10 K. Red circles indicate the local minima of free energy
curves.
and the thermodynamic functions of Eq. (3) were fitted to the
universal Vinet equation of state,59 i.e.,
P(V) = 3K0
(1 − x)
x2
exp[3
2
(K′0 − 1)(1 − x)], (4)
with x = (V/V0)1/3, where V0 and V are the equilibrium and
deformed unit-cell volumes, respectively, and the bulk modulus,
K0, and its derivative with respect to the pressure, K′0, are obtained
according to
K0(T) = −V(
∂P
∂V
)
P=0
and K′0(T) = (
∂K
∂P
)
P=0
. (5)
The thermal evolution of K0 and K′0 is depicted in Fig. 5. The
computed bulk modulus and its pressure derivative vary from
K0 = 194.5–179.1 GPa and K′0 = 4.5–4.9 GPa between 0 and 450 K.
The single-crystal athermal value of K0 = 194.5 GPa is consistent
with the value of 200.0 GPa previously calculated for polycrystalline
CeO2 with PBEsol+U (Ueff = 4.5 eV) within the Voigt-Reuss-Hill
(VRH) approximation.26 This value is also in fair agreement with
the experimental VRH value of 204 GPa derived from the measure-
ments of Nakajima et al.,49 although it remains much below the
experimental estimates of 220 GPa and 236 GPa reported by Ger-
ward et al.45,60 and the early measurement of 230 GPa by Duclos and
co-workers.48
Using the variation of the unit-cell volume with tempera-
ture in Fig. 4, the linear coefficient of thermal expansion (CTE),
α = (3V)−1(∂V/∂T)P=0, was computed assuming isotropic thermal
expansion of bulk CeO2 (see Fig. 6). As shown in Fig. 6, the cal-
culated CTE is in excellent agreement with the measurements of
Gupta and Singh61 in the temperature range of 110–291 K, while
slightly underestimating the data of Westrum and Beale15 below
room temperature. A value of α = 10.06 × 10−6 K−1 is predicted with
FIG. 5. Thermal evolution of (a) the bulk modulus K0 and (b) its pressure-derivative
K′0 for bulk CeO2 calculated using the Vinet equation of state with DFPT/PBEsol.
DFPT/PBEsol at T = 298.15 K, in the ballpark of data measured
near room temperature, i.e., 10.14 × 10−6 K−1 at 291 K by Gupta
and Singh,61 10.00 × 10−6 K−1 at 298 K by Sameshima et al.,62 9.78
× 10−6 K−1 at 300 K by Westrum and Beale,15 10.79 × 10−6 K−1
at 304 K Stecura and Campbell,63 and 9.31 × 10−6 K−1 at 292 K by
Taylor.64 Above room temperature, CTE predictions are in overall
agreement with the measurements of Körner et al.65 while systemat-
ically overestimating other data sets.
C. Molar heat capacity
The isobaric molar heat capacity, CP, was computed as the sec-
ond derivative of the Gibbs free energy [see Eq. (3)] with respect to
FIG. 6. Variation of linear thermal expansion coefficient of bulk CeO2 calculated
with DFPT/PBEsol. The measurements of Gupta and Singh,61 Sameshima et al.,62
Nelson et al.,12 Stecura and Campbell,63 Körner et al.,65 Westrum and Beale,15
and Taylor64 are represented for comparison.
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the temperature,
CP(T,P) = −T
∂2G(T,P)
∂T2
= T ∂V(T,P)
∂T
∂S(T,V)
∂V
∣
V=V(T,P)
+ CV[T,V(T,P)], (6)
where V(T, P) corresponds to the equilibrium volume at T and P. In
Eq. (6), the isochoric molar heat capacity CV is defined as
CV = kB∑(βh̵ω)2
eβ
̵hω
[eβ̵hω − 1]2 , (7)
and the entropy is computed using the following expression:
S = −kB∑ ln[1 − e−β
̵hω] − 1
T ∑
h̵ω
eβ̵hω − 1 . (8)
Figure 7 displays the computed isochoric molar heat capac-
ity and isobaric molar heat capacity at standard pressure (P = 1
bar), and Fig. 8 depicts the entropy for bulk CeO2, along with the
low-temperature calorimetric measurements of the present study
and Westrum and Beale.15 Figure 7 also shows calorimetric data
from Kuznetsov et al.,19 Krishnan and Nagarajan,18 Gallagher and
Dworzak,17 Riess et al.,16 and King and Christensen.20 The stan-
dard values calculated at T = 298.15 K in this study are C0P
= 63.4 J mol−1 K−1 and S0P = 61.1 J mol−1 K−1 and are in good
agreement with calorimetric data.
1. Discussion on the correction to molar heat capacity
Measured results are in excellent agreement with those of
Westrum and Beale throughout most of the temperature range, with
an important correction at T < 15 K. Estimated error bars are ±5%
or smaller as detailed in Lashley et al.66 Datum presented here is an
FIG. 7. Measured standard-pressure isobaric molar heat capacity (CP) of CeO2
and DFPT/PBEsol calculated CP and isochoric molar heat capacity (CV). Calori-
metric data from previous studies are also displayed: Westrum and Beale,15
Kuznetsov et al.,19 Krishnan and Nagarajan,18 Gallagher and Dworzak,17 Riess
et al.,16 and King and Christensen.20 Inset shows experimental data as C/T vs T2
and a fit of the data to the low-temperature T3 limit of the simple Debye model.
FIG. 8. Calorimetric data and DFPT/PBEsol results for the entropy of CeO2.
Calorimetric data from Westrum and Beale15 are also represented.
average of 3 different samples. Each data point was also taken 3 times
for each sample and averaged together (2 times for dual slope data).
As shown on the inset C/T vs T2 plot in Fig. 7, below 15 K
(<200 = T2), there is a significant deviation in the data from the
previously published values. The deviation in the current and pre-
viously reported data can, in part, be due to improvement in mea-
surement techniques over the last 60 years. However, the differ-
ence is hypothesized here to be due to impurities in Westrum and
Beale’s original samples. This argument is supported by the excel-
lent work of Gruber et al.67 concerning impurities in Ce2O3 samples
measured by Westrum and Beale. The deviation of Westrum and
Beale’s CeO2 data from that report here at low temperatures shows
characteristics similar to that of a Schottky anomaly, which could
be due to sample impurities. This is supported by measurement of
Cp in nonstoichiometric samples (CeO2−δ , δ = 0–0.032) yet to be
published.
All measurements showed the expected sigmoid behavior typ-
ical of crystalline salts. At low temperatures, the well-known Debye
model provides a simple yet successful one parameter model to
describe the heat capacity.68 For the phonon contribution, the low
temperature limit of the heat capacity reduces to
C = 12
5
π4NAkB(
T
ΘD
)
3
, (9)
where NA is Avogadro’s number, ΘD is the Debye temperature, kB
and T are the same as defined above, and C = Cv ≈ Cp. Thus, at
sufficiently low T, C varies as T3 and a plot of C/T against T2 will
be a straight line. It must be stressed that Eq. (9) is valid only for
temperatures of the order of T < ΘD/50.
As shown in the inset of Fig. 7, there is no indication of mag-
netic or electronic contributions to the heat capacity in this study. To
extract ΘD, a linear least squares regression was performed on C/T
vs T2 data. Since CeO2 is not a monatomic solid, Eq. (9) must be
multiplied by the number of atoms per molecule to properly fit the
data. Using the simple Debye model, ΘD was calculated to be 455 K.
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This value lies in between previously reported data, ΘD = 409 K,69
480 K,47 and also within the range of recent theoretical calculations
ΘD = 481 K26 and ΘD = 414.5–582.9 K23 depending on calculated
parameters.
D. Thermodynamic functions
In order to derive the enthalpy and entropy functions, the
thermal evolution of the isobaric heat capacity calculated from
DFPT/PBEsol for bulk CeO2 was fitted using a nonlinear least-
squares regression to a Haas-Fisher-type polynomial,
CP = a + bT + cT−2 + dT−0.5 + eT2, (10)
with the resulting optimized coefficients in the temperature range of
100–450 K, a = 2.040 96 × 102, b = −1.370 × 10−1, c = 2.440 590 95
× 105, d = −1.901 314 × 103, and e = 8.5 × 10−5. The sum of squared
differences between calculated and fitted CP data was 7 × 10−3.
The enthalpy function, (HT − H298.15) ⋅T−1, was calculated by
analytical integration of the fit to the isobaric heat capacity using the
formula,
(HT −H298.15) ⋅ T−1 =
T
∫
298.15
CP(T)dT. (11)
The Gibbs energy function, (GT − H298.15) ⋅T−1, was computed
using the following expression:
(GT −H298.15) ⋅ T−1 = (HT −H298.15) ⋅ T−1 − S, (12)
where S is the entropy calculated from Eq. (8). Results for the
experimental and computed enthalpy function and Gibbs energy
function for bulk CeO2 are shown in Figs. 9 and 10, along with
previous experimental data from Westrum and Beale,15 King and
Christensen,20 and Yashvili et al.21
FIG. 9. Experimental data and DFPT/PBEsol results for the enthalpy function of
CeO2. Calorimetric data from Westrum and Beale,15 King and Christensen,20 and
Yashvili et al.21 are also shown.
FIG. 10. Experimental data and DFPT/PBEsol results for the Gibbs energy function
of CeO2. Calorimetric data from Westrum and Beale15 are also displayed.
E. Thermal conductivity
Figure 11 presents the thermal conductivity of bulk CeO2 pel-
lets from 2 to 400 K using the Maldonado30 technique. Also pre-
sented are the results of LFA (this work), along with previously
published data by Khafizov et al.69 Low-temperature thermal con-
ductivity data and LFA data in this study are in excellent agreement.
Furthermore, measured values are in good agreement with previ-
ously published data. The only low-temperature thermal conduc-
tivity data of bulk polycrystalline CeO2 pellets in the literature to
date were performed by Khafizov et al.69 However, the focus of that
study was mainly thin films of CeO2, not the bulk properties and
FIG. 11. Experimental data and Klemens-Callaway fit for the thermal conductivity
of CeO2. LFA data from this study and MTRM data from Khafizov et al.69 are also
displayed. Error bars in this work are equal to or smaller than the symbol size, i.e.,
5% for LFA measurements.
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used modulated thermoreflectance microscopy (MTRM) from 77 to
1000 K. The room temperature value of the thermal conductivity
was found to be 16.7 W m−1 K−1, also in good agreement with that
determined for CeO2 of similar purity.31
In order to determine the thermal conductivity using LFA, the
thermal diffusivity was measured on three samples. All three sam-
ples provided data in good agreement across the temperature range
investigated. The thermal diffusivity is observed to monotonically
decrease with temperature, as typical of an oxide ceramic in this tem-
perature range. Thermal conductivity can then be calculated using
the product of the thermal diffusivity, specific heat capacity, and
density. The heat capacity of CeO2 measured as described earlier
in this work provides this data as a function of temperature over
the temperature range where LFA was used to collect thermal dif-
fusivity data. These data are converted from a molar heat capac-
ity to a specific heat capacity by assuming a molar mass of CeO2
as 172.12 g/mol. Density is assumed constant as 6.85 g/cm3. This
value corresponds to 95% theoretical density, within 1% of the value
measured for all samples measured.
A simple model for thermal conductivity at low temperatures
is the Klemens-Callaway model (KCM).70 To solve the Boltzmann
transport equation, this model assumes a Debye phonon dispersion
relation and utilizes a relaxation time approximation. The thermal
conductivity as a function of temperature T is then given by
κ = kB
2πv
(kBT
h̵
)
3 ΘD/T
∫
0
τ(x,T) x
4ex
(ex − 1)2
dx, (13)
where v is the mean velocity of sound in the solid, τ(x, T) is the
phonon relaxation time, x = h̵ω/kBT is the reduced phonon fre-
quency, and ω, kB, h̵, and ΘD are as defined above. Higher order cor-
rection terms are neglected for simplicity. The Debye temperature
was taken from the above experimental heat capacity measurements
to be ΘD = 455 K. Then, the mean velocity of sound is calculated
to be 3610 m/s using the relation v = kBΘD/h̵ 3
√
6π2N/V0, where
N is the number of atoms per unit cell, and V0 = a3/4 is the vol-
ume per unit cell, with a being the lattice constant of 5.411 Å. In
general, the Debye temperature is not constant and at higher tem-
peratures anharmonic, and other effects must be considered.71,72 A
plot displaying the temperature dependence of ΘD is located in the
supplementary material.
1. Discussion on phonon scattering
The scattering rate τ−1(x, T) is a combination of the different
scattering mechanisms that follow the Matthiessen rule and is given
by the following equation:7
τ−1(x,T) = v/L + αx4T4 + βUx2T3e−ΘD/bT + βNx2T5. (14)
Here, included (in order) are the boundary scattering, point defect
(Rayleigh) scattering, 3-phonon Umklapp, and Normal phonon-
phonon interactions through the adjustable parameters L, α, βU ,
and βN , respectively. To obtain a best fit to the data, b in
the Umklapp expression is left as a further adjustable parame-
ter, though decent fits are obtained by leaving it as a constant,
i.e., b = 3.
For the boundary scattering term, the parameter L represents
the Casimir length,73 an effective phonon mean free path. For single
crystal materials, this is given by sample geometry. However, in the
context of a polycrystalline aggregate such as this, it can be thought
of as the grain size. This analysis gives a best fit when L = 15.4 μm
which is in general agreement with the measured averaged grain size
of 20.5 μm.
Point defect scattering gives a Rayleigh-like term of ω4 ∝ x4T4.
Klemens74 then gives the relaxation time in terms of mass defect or
isotope scattering. The fitting parameter α is then given by
α = (kB
h̵
)
4 V0
4πv3
Γ, (15)
where Γ is the scattering parameter due to mass fluctuations and is
given by Γ = Σifi(ΔMiM )
2
. Here, f i is the atomic fraction of the ith
isotope whose mass is Mi. M is the average atomic mass and ΔMi
= |M − Mi|. This expression must further be modified to include
multiple atoms and can also be shown to include effects of strain
field scattering.75,76 It is difficult to extract physical insights from this
term as the matter is further complicated by the easy reduction of
CeO2 into off stoichiometric phases. In addition, as discussed below,
analysis shows a nearly complete domination of the scattering by 3-
phonon Umklapp processes. This analysis gives an α = 40.6 s−1 K−4.
This value is similar to the fitting parameter given by Khafizov69 as
well as parameters used in analysis of high purity UO2 and ThO2
single crystals77 indicating that the samples are of reasonably high
quality.
Results indicate that the 3-phonon Umklapp process was the
dominating factor with a value of βU = 7.31 × 104 s−1 K−3. In order
to obtain the best fit, b was allowed to vary with the best fit giving
b = 3.2. Assuming the relation
βU = (
kb
h̵
)
2 h̵γ2
Mv2ΘD
, (16)
where γ is the Grüneisen parameter and a value of the average atomic
mass M = ρV0/N = 9.53 × 10−23 g. These values suggest a Grüneisen
parameter of 4.78 which is well beyond the 2.5 obtained by Khafizov
et al. and the value of 1.24 for optical phonons. As the system tem-
perature approaches the Debye temperature, the normal process
becomes important. In order to bring the fitted function in line
with the experimental data, an unphysical value of −0.184 s−1 K−5
is obtained for βN . The results for βU and βN clearly show the failure
of this simple model in explaining the experimental data. Analy-
ses using more complex models, while motivated by this work, are
beyond its scope.
V. CONCLUSION
New experimental measurements of the heat capacity and
thermal conductivity below 400 K joined with first principles cal-
culations were performed. Experimentally, Raman spectroscopy
was performed and the heat capacity was determined by adia-
batic calorimetry, while the thermal conductivity was measured
with a combination of square wave a.c. drift method (the Maldon-
ado technique) and laser flash analysis. First principles calculations
utilized Hubbard-corrected density functional perturbation theory
using the PBESol functional. Furthermore, thermodynamic proper-
ties were calculated and reported using both the experimental data
and DFPT/PBESol results.
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Novel heat capacity data were acquired at low temperatures;
the new data show a correction to the existing literature data and
were used to calculate improved thermodynamic functions reported
here. The standard values calculated at T = 298.15 K for heat
capacity and entropy in this study were 63.4 J mol−1 K−1 and
61.1 J mol−1 K−1, respectively. The heat capacity was examined
in terms of the simple Debye model, yielding a Debye tempera-
ture of 455 K. DFPT/PBESol results were in good agreement with
measured data and previously published literature. The entropy,
enthalpy function, and Gibbs function were also tabulated from
experimental data and theoretical predictions.
Thermal conductivity was examined using both laser flash anal-
ysis and the Maldonado technique. Room temperature values for
the thermal conductivity are similar to those of other high qual-
ity CeO2 samples. Finally, the thermal conductivity was analyzed in
terms of the Klemens-Callaway model. The mean velocity of sound
was determined to be 3610 m/s. At low temperatures, the thermal
conductivity is dominated by 3-phonon Umklapp processes. How-
ever, heat conduction of CeO2 is more complex than simple mod-
els that can account for and deserves further study in subsequent
work.
This study provides a refreshed, accurate, and comprehensive
thermodynamic picture of the bulk properties of CeO2 in the low-
temperature regime. Experimental results show excellent agreement
with each other and the DFPT/PBESol calculations, reinforcing the
accuracy of PBESol in describing properties of CeO2.
SUPPLEMENTARY MATERIAL
See supplementary material for the Debye temperature that
was calculated by numerical integration of the Debye function in
order to fit the Debye model exactly to the measured heat capac-
ity data, as a function of temperature. No corrections have been
made to account for thermal expansion of the lattice. The variation
in Debye temperature reported here is similar to that of other ionic
salts.71,72
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